Abstract: Blends of microphase separated polystyrene-block-polybutadiene-blockpoly(methacrylic acid) triblock copolymers (SBA) with polystyrene-block-poly(2-vinylpyridine) (SV) or poly(2-vinylpyridine)-block-poly(cyclohexyl methacrylate) (VC) diblock copolymers were prepared and characterized. Attractive segmental interactions through hydrogen bonds between A and V could be monitored by infrared spectroscopy and dynamic mechanical analysis. Common superlattices were obtained by casting from a mixed solution of these block copolymers in tetrahydrofuran and were investigated by transmission electron microscopy. Varying the amount of hydrogen bonding donors via controlled saponification of an SBT triblock copolymer (T: poly(tert-butyl methacrylate)) lead to different superlattices in blends with a VC diblock copolymer.
Introduction
Block copolymers of well-defined chemical structure are known to spontaneously form ordered microphases of various symmetries depending on composition, topology and molecular weight [1] [2] [3] [4] [5] . This has been investigated for block copolymers in the bulk state and in solution [6] . A higher level in the hierarchy of structure formation is the self-organization of different block copolymers in blends [7] [8] [9] [10] [11] [12] . In these block copolymer blends different situations can occur: i) one or several blocks of different block copolymers mix to form common microdomains, which results in a common superlattice;
ii) blocks mix with no other type of blocks, so macrophase separation between the different microphase separated block copolymers will be observed;
iii) all blocks can mix with each other and a homogeneous disordered phase will be obtained.
Two types of possible interactions between different blocks can be distinguished which are of entropic or enthalpic origin, respectively. If chemically similar blocks mix with each other, only entropic driving forces are responsible for that. In this case a change of stretching of chemically similar, but differently attached blocks, when they form common microdomains leads to a net increase of conformational entropy and thus a lower energy compared to the overall stretching energy in separated domains of similarly attached blocks.
Such types of block copolymer blends have mainly been investigated so far. It was possible to generate morphologies unknown for pure block copolymers like a noncentrosymmetric periodic lamellar structure in a blend of ABC triblock with AC diblock copolymers [7, 13] , or a novel tetracontinuous gyroid morphology in a blend of ABC and BAD triblock copolymers [12] . Also theoretical descriptions of lamellar and cylindrical superlattices were given by different groups [14, 15, 16, 17, 18] .
Furthermore attractive enthalpic interactions can lead to miscibility of different blocks. Although attractive interactions between some blocks of a block copolymer and other homopolymers or random copolymers have been used to compatibilize for example the commercially interesting blend of poly(2,6-dimethylphenylene ether) and poly(styrene-co-acrylonitrile) [19] , this strategy has not been used to generate common superlattices of different block copolymers. In this contribution first results on blends of block copolymers will be presented, where hydrogen bonding (acid base interaction) was used as an attractive enthalpic interaction between different block copolymers. In particular blends of SBA triblock copolymers with SV or VC diblock copolymers will be presented (S: polystyrene, B: poly(1,2-butadiene), A: poly(methacrylic acid), V: poly(2-vinylpyridine), C: poly(cyclohexyl methacrylate)). While in the blend system SBA + SV attractive enthalpic interactions can be expected only between the A and the V end block, the second blend system contains with the S and C end blocks an additional compatible pair of blocks. The miscibility between S and C was reported to originate from local packing entropy effects [20] .
The original aim of this study was to prepare non-centrosymmetric periodic lamellar superlattices of the type ...ABC DA ABC DA... or ...ABC DE ABC DE analogously to the former obtained ...ABC CA ABC CA... block sequence [11] . The original work has shown that only under rather favourable conditions the desired superlattice was obtained. Thus we were looking for stronger driving forces (attractive interactions between C and D, A and E) leading to such superlattices. Although this goal was not achieved so far, some insight into this new type of block copolymer blend systems could be gained.
Experimental part

Synthesis
The block copolymers were synthesized via living anionic polymerisation (Tab. 1).
Poly(2-vinylpyridine)-block-poly(cyclohexyl methacrylate) (VC) diblock copolymers 2-Vinylpyridine was polymerized in tetrahydrofuran (THF) at -70°C for 1 h using secbutyl lithium as initiator. 1,1-Diphenylethylene (DPE) was added to reduce the reactivity of the anionic end groups before adding cyclohexyl methacrylate. Then the second block was polymerized for one hour and the active ends were deactivated by adding degassed methanol. The block copolymer was precipitated into water. The product was redissolved in THF, precipitated into methanol and then dried under vacuum.
The polystyrene-block-poly(2-vinylpyridine) (SV) diblock copolymers were sysnthesized in an analogous way, only for precipitation n-hexane was used instead of methanol.
Polystyrene-block-poly(1,2-butadiene)-block-poly( tert-butyl methacrylate) (SBT) triblock copolymers
Styrene was polymerized at -70°C in THF using sec-butyl lithium as initiator, after one hour butadiene was added at -30°C and polymerized for 5 h. Due to the polarity of the solvent mainly 1,2-units were formed in the growing polymer chain. Temperature was then lowered to -45°C before adding DPE. After 30 min, tert-butyl methacrylate was added and polymerized at -40°C for one hour. The reaction was terminated by degassed methanol and the block copolymer was precipitated into water before being redissolved in THF and precipitated in 2-propanol.
Polystyrene-block-poly(1,2-butadiene)-block-poly(methacrylic acid) (SBA) triblock copolymers SBT was dissolved in a mixture of dioxane and an excess of concentrated aqueous HCl (with respect to the tert-butyl groups) and stirred at 85 -90°C. Fourier transform infrared (FTIR) spectroscopy was used to follow the saponification reaction by monitoring the disappearance of the characteristic double band of the tert-butyl group at 1394 and 1368 cm -1 . After 11 h the conversion of T to A was completed. The solution was concentrated by evaporation of some solvent before being precipitated into water. The precipitate was further washed with water until pH 7.
Molecular characterisation
Size exclusion chromatography (SEC) Molecular weights of the polystyrene precursors and polydispersities of all block copolymers were determined by size exclusion chromatography (Waters, with refractive index detection (Waters 410) and photodiode array detection (Waters 996) at a wavelength of 254 nm)) calibrated with polystyrene standards (SDV-Gel, 10 H NMR analysis (Bruker AC 250) was used to determine the composition of the block copolymers. SBT, SV and CV block copolymers were dissolved in CDCl 3 , while SBA was dissolved in THF-d 8 and dioxane-d 8 .
Membrane osmometry
The molecular weights of the VC diblock copolymers were determined by membrane osmometry using an Osmomat 090 (Gonotec GmbH) with toluene as a solvent and a membrane of regenerated cellulose with a cut-off molecular weight of 20000 Dalton. The nomenclature of the A x B y C z M block copolymers is as follows: x,y,z indicate the mass fraction in % of the corresponding blocks A,B,C, while M is the overall moelcular weight in kg/mol.
Characterisation of the blends
Infrared spectroscopy
Absorption spectra of thin films cast from THF solution onto a NaCl plate were measured after drying with a Bruker Equinox 55/S FTIR at a resolution of 4 cm -1 .
Dynamic mechanical analysis
Sample films with dimensions of ca. 1 · 5 · 20 mm were prepared by compression molding. They were investigated with a Dynamic Mechanical Thermometric Analyser (DMTA IV, Rheometrics Scientific) in the rectangular tension geometry. Measurements were performed as temperature sweeps starting at -30°C with a heating rate of 2K/min at a fixed frequency of 10 rad/sec.
Transmission electron microscopy (TEM)
Ultrathin cuts (ca. 50 nm) were obtained from solution cast films (thickness ca. 1 mm) with a Reichert-Jung Ultracut E Microtome equipped with a 35° diamond knife. For samples with a large amount of elastomer (> 40 % polybutadiene) the ultrathin films were obtained under cryogenic conditions. The films were then floated onto gold grids, stained by vaporous OsO 4 (1 min), or by I 2 (ca. 3 h) [21] . In some cases both staining agents were used, as indicated in the corresponding figure captions.
Micrographs were taken from a Zeiss CEM 902 equipped with a photo camera in the bright field mode. The acceleration voltage was 80 kV.
Results and discussion
Blends of SBA and SV block copolymers
Before discussing the morphology of these blends, we will first discuss experimental evidence for the existence of mixed microdomains of A and V blocks. For this purpose we used FTIR spectroscopy at room temperature and temperature dependent dynamic mechanical analysis.
In the wavenumber region between 1780 and 1660 cm -1 the FTIR spectrum shows the carbonyl stretching vibration of the methacrylic acid units (Fig. 1a) . While the absorptions at 1700 cm -1 and 1740 cm -1 correspond to the binary complex of methacrylic units and the free units, respectively (Fig. 1b) [22] , the absorption at 1725 cm -1 in the blend can be assigned to a complex between the 2-vinylpyridine units and the methacrylic acid units [23] . The ring mode of the pyridine side group at 1590 cm -1 is known to shift to 1600 cm -1 when a complex with a methacrylic acid unit is formed [23] . Due to the presence of polystyrene this shift cannot be clearly detected, since the ring mode of the phenyl group absorbs at 1600 cm -1 , too [24] . Another strong evidence for the miscibility of A and V is given by their common glass transition temperature T g , as observed by DMTA. Fig. 2 shows the loss modulus E" as a function of temperature for blends with various compositions. At about 0°C the T g of polybutadiene is observed. At 100 -125°C are found the T g 's of polystyrene and poly(2-vinylpyridine), while the T g of poly(methacrylic acid) is above 220 °C. Increasing the amount of SV diblock copolymer in the blend leads to a decrease of the T g assigned to the A-block, i.e. mixed microdomains of A and V are indicated by a common T g . Note that also the T g of polystyrene becomes more pronounced in blends with higher amounts of diblock copolymer (indicating the overall increasing amount of S). The composition dependence of the glass transition temperatures of these mixed microdomains can be described by the Gordon-Taylor-Kwei equation [25] [26] [27] although that equation was developed for homopolymer blends:
k corresponds to the ratios of expansion coefficients in the Gordon-Taylor expression [26] (according to ref. [27] , k ≈ T g1 /T g2 ), a positive value for q indicates specific attractive interactions (like hydrogen bonds) between the two blend components.
Here we use both k and q as free parameters. Fig. 3 shows T g as determined from the maxima of E" in Fig. 2 , together with a fit to Eq. (1).
Very strong evidence for the existence of mixed microdomains was also given by TEM investigations on these blends. (Fig.  4a) . This indicates that the matrix is also poorly organised. For higher amounts of triblock copolymer, morphologies were found in which B forms a more continuous phase. Fig. 4b shows an example of a blend with 90 wt.-% triblock copolymer. ) did not change the overall morphological behaviour of these blends. It should be noted that also the S blocks of the two different block copolymers most likely form a common domain, as it was observed in blends of SBT and ST before [7, 12, 28] .
Blends of SBA and VC block copolymers
In blends of SBA and VC block copolymers, attractive interactions may be expected for both end blocks of the triblock copolymer with the diblock copolymer. Besides the favourable interactions between A and V, also S and C may form common microdomains as mentioned before [20, 27] .
FTIR spectroscopy was not used for these blends, since the additional carbonyl stretching mode arising from the cyclohexyl ester group around 1730 cm -1 would make the detection of the absorption by the complex of the methacrylic acid and 2-vinylpyridine units at 1725 cm -1 doubtful. However, dynamic mechanical analysis proved to be very sensitive for this interaction. Fig. 5 shows data of the loss modulus E" for blends of S 20 B 50 A 30 117 and V 48 C 52 59 at different compositions and Fig. 6 shows the fit of the glass transition temperatures obtained from the E"-maxima by means of the Gordon-Taylor-Kwei equation (Eq. (1) ). Fig. 2 , a decrease of the T g of poly(methacrylic acid) block of the triblock copolymer indicates the mixing with the poly(2-vinylpyridine) block of the diblock copolymer. The glass transition temperatures of polystyrene and poly(cyclohexyl methacrylate) are too close to each other to be analysed in detail. Fig. 7 shows a blend with 10 wt.-% of triblock copolymer. Like in Fig. 4 spherical domains of the middle block are located at the lamellar interphase of the matrixforming diblock copolymer. Increasing the amount of triblock copolymer to 50 wt.-% leads to a lamellar superlattice, where also the B domains form lamellae. These B lamellae are perforated, as shown in Fig. 8 by applying OsO 4 as staining agent. Both, staining with OsO 4 (Fig. 8a) and staining with I 2 (Fig. 8b) visualised lamellar domains containing B (Fig. 8a) and V (Fig. 8b) with the same lamellar spacing. Combining both staining methods leads to Fig. 8c , where the perforated B lamellae are symmetrically surrounded by a light and dark phase. According to Fig. 8b the dark lamellar phase contained the V domains. Obviously a centrosymmetric superlattice was formed, which is schematically shown in Fig. 9 .
One might expect the formation of continuous B lamellae in a similar blend with a triblock copolymer having a larger B middle block. However, further increasing the amount of B block in the triblock copolymer leads to macrophase separated blends, in which a blend rich in triblock copolymer and macrodomains of pure diblock copolymer coexist. As an example, Fig. 10 , as shown in Fig. 11 . However, only for blends with a majority content of triblock copolymer a macrophase separated structure was obtained, where excess triblock copolymer seems to form lamellar domains in coexistence with a mixed superstructure. These results show that for this system blends with a mixed superstructure can be obtained, however, in none of the blends a long range ordered morphology with nonperforated B lamellae was obtained. One reason for this might be the very strong interactions between the A and V blocks. A variation of the strength of these acid-base interactions can be reached by reducing the number of interacting groups, e.g. by employing triblock copolymers with different degrees of saponification of the T end block (SB(T/A)).
Blends of SB(T/A) and VC block copolymers
In this section the influence of the degree of saponification of the T block of SB(T/A) on its miscibility with the V block of VC is investigated. Using the same triblock copolymer with a degree of 60% saponification, a blend with S 16 B 42 (T 40 /A 60 ) 42 149 shows the same morphology as in Fig. 13 , but with more defects. The B lamellae seem to be perforated more often. This means that the partially saponified T block is still immiscible with the V block of the diblock copolymer, but the degree of incompatibility is reduced, which leads to a defect, where (T 40 /A 60 ) lamellae are in lateral contact with a V lamellae at a grain boundary. This defect is marked in Fig. 14 and is shown schematically in Fig.15 . In coexistence with the centrosymmetric double lamellae also a double gyroid morphology is found for this blend (Fig. 16) . In comparison to the blends discussed in Figs. 10 and 11b , where one excess component seemed to macrophase-separate from a particular blend morphology, in the present case two blends do coexist. Possible explanations for the coexistence of two morphologies could be variations of the degree of saponification between different chains leading to different blend morphologies, but also spatial composition fluctuations within the blend could be responsible. Coexistence of different blend morphologies was also found in blends of lamellar polystyrene-block-polybutadieneblock-poly(methyl methacrylate) and lamellar polybutadiene-block-poly(methyl methacrylate) block copolymers [29] .
At larger degrees of saponification, again centrosymmetric double layers with perforated B lamellae were obtained, similar to the ones shown in Fig. 9 . A general problem in the field of morphology formation from solution is the quality of the solvent with respect to the different blocks [30, 31, 32] . Such selectivities of the solvent became also obvious in a comparative study of SBT and SBA triblock copolymers cast from THF [33] . Due to the strong hydrogen bonds between the A units, the solubility in THF is limited. The choice of solvents is rather limited for this blend system, since solvents have to fit in terms of several qualities, like polarity and ability to form hydrogen bonds. Tab. 2 gives solubility parameters, which are a measure of the polarity. Not only the polarity is significant, as one can see on the example of chloroform (CHCl 3 ), which is slightly more polar than THF and thus should fit to A better than THF. While CHCl 3 is still a reasonably good solvent for most components in this blend, it is a non-solvent for A. Similar problems can be Tab. 2. Solubility parameters of block copolymer components and solvents
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Solubility parameter at room temperature [34, 35] in (MPa) expected for block copolymer blends, especially when the blocks of the blend partners are very different from each other, as in SBA/VC block copolymers. On the other hand, the methacrylic acid units form complexes with the 2-vinyl pyridine units in the blends presented here, which might prevent the triblock copolymer from formation of molecular micelles. A strong indication is the absence of core-shell structures around the A domains, even for blends with a triblock copolymer having a very short A block.
Conclusion
The results presented in this paper demonstrate the possibility to generate superlattices in block copolymer blends by using specific attractive interactions of different blocks. A change of the superlattice is possible by varying the strength of these specific interactions.
While in the blends presented here there are strong differences between the solubilities of different block copolymers, an other approach to mixed superlattices of block copolymers could be the introduction of just a few specifically interacting side groups into the different blend partners. Self-complementary hydrogen bonding units [37, 38, 39] and complementary hydrogen bonding donors and acceptors have been used for the formation of supramolecular polymers before [40, 41, 42] . This might be also a promising way to new block copolymer blends.
